Introduction
The number of protein sequences in SWISSPROT (Bairoch and Apweiler, 1996) and PIR (George et al., 1996) grows at an increasing rate as the genome projects proceed, while at the same time the number of known protein structures in PDB (Abola et al., 1987; Bernstein et al., 1977) increases at a slower rate (Holm and Sander, 1996) . This is widening the gap between known protein sequences and protein structures. However, a large portion of newly determined protein sequences and structures are homologous to previously known proteins, resulting in the accumulation of redundancy in protein databases Casari et al., 1996; Tatusov et al., 1996) .
To manage and exploit this redundancy, efforts have been made to classify protein databases into clusters or families of proteins that share certain features, such as sequence similarity, function, structure, or evolutionary origin. Both SWIS-SPROT and PIR contain family classification, and recently this has also been done systematically based on sequence similarity (Sonnhammer and Kahn, 1994; Wu et al., 1996; Linial et al., 1997; Sonnhammer et al., 1998a) . A number of structure-based classification schemes of protein structures in PDB are also available Orengo et al., 1997; Holm and Sander, 1997) . For proteins of known 3D structure, it has proved feasible and advantageous to perform the classification on several hierarchical levels, ranging from nearly identical structures, with high sequence similarity, to 'common fold', with virtually no sequence similarity but shared topology of secondary structure elements. In contrast, most sequence-based classification schemes tend to be nonhierarchical, mainly because of the difficulty to define useful levels of similarity for different hierarchical steps, and because of the much larger amount of data to process. Another important issue in all protein classifications is how to define domain boundaries, since each domain in a multi-domain protein may belong to a different family. Most comparisons between classification schemes concentrate on comparing sequence-based approaches to each other or structure-based ones to each other. We wanted instead to compare sequence-based to structure-based classifications, in order to answer a number of questions. First, to what extent do family definitions in sequence-and structurebased classifications overlap? In many cases, the families will overlap perfectly, but frequently they will overlap partly or not at all. Partially overlapping families may reflect differences in philosophy or techniques of the classification schemes, whereas the total absence of a family in one classification may indicate a difference in the underlying source of data. We here exploit the comparison for extracting large protein sequence families that are currently absent from PDB, in order to draw attention to them as important targets for structure determination. The emerging field of structural genomics, in which the goal is to determine the structure of all protein domains, would be assisted by such a ranked list.
To this end, we quantified the extent of overlap between a structure-based classification of PDB, Scop (Murzin et al., 1995) , and a sequence-based classification of SWISSPROT, Pfam (Sonnhammer et al., 1998a) . To be able to compare the clusters on an equal basis, the Scop families of PDB entries were converted to the corresponding clusters of SWISSPROT entries by homology searching. The Scop and Pfam databases were selected because they are both considered to be of high quality; in both databases, domain boundary definitions and family memberships have been verified manually.
Although the basic content of Pfam and Scop are lists of which protein segments belong to which families, the organization of the data is quite different, which makes the comparison somewhat challenging. Scop uses a hierarchical classification scheme at the family, superfamily, fold, and fold class levels, while Pfam has only one. Most Pfam families are clustered at a level corresponding to the Scop family and superfamily levels; in this paper we have focused on Scop on the family level. The higher clustering levels of Scop (fold and fold class) bring proteins together that have so little sequence similarity that they cannot be aligned confidently from the sequence alone. Since Pfam provides a multiple alignment for each family, such high clustering levels would not be feasible in Pfam. The Pfam multiple alignments are used to generate hidden Markov model profiles (HMMs), which are used for sensitive detection of family members (Krogh et al., 1994; Eddy, 1997) .
We show that this can be exploited to find more members of families with a known structure than by pairwise methods such as FASTA. We have further used this method to survey the frac- 
Materials and methods
Pfam 3.3 (Sonnhammer et al., 1997; Bateman et al., 1999) , containing 1407 families and corresponding HMMs, was used with the HMMER package, version 2.1 (Eddy, 1997) . The pdb95d set of Scop version 1.39 was used. In this set only proteins that have less than 95% similarity to any other protein in Scop was included.
It should be mentioned that release 1.39 of Scop (file pdb95d_1.39) was later retracted by the Scop authors due to errors. The current Scop release is thus 1.37, but since many sequences are missing from this release we favored using 1.39 as the existing error did not seem to affect our results.
Each sequence from Scop was matched against the 1407 HMMs of Pfam 3.3, using the family specific GA cutoff defined in Pfam. In some cases, significant similarities between a Scop sequence and a Pfam family was not detected because the Scop entry corresponded to a subdomain while the Pfam family spanned the entire protein. To overcome this problem, we additionally matched all Scop sequences against a set of HMMs that allowed fragmentary matches, using an E-value cutoff of 1.e-5, and used the union of the global and fragment matches for further studies.
To predict if a Pfam family consists of membrane proteins, all sequences in the full Pfam alignment of that family were subjected to two tests: transmembrane helix prediction by TMHMM (Sonnhammer et al., 1998b) , and scanning for the word 'TRANSMEMBRANE' in the keyword field of the swissprot entry. If more than 25% of the proteins contained at least one predicted transmembrane segment or the 'TRANSMEMBRANE' keyword, the family was annotated as 'probably transmembrane' in Table 2 .
The 'non-globular' assignments of families in Table 2 were generated with the program PSEG (Wootton, 1994) as follows. Each sequence segment in the full Pfam alignments were subjected to PSEG complexity analysis in periodicities 1 through 12 with threshold parameters (window = 60; trigger threshold = 3.15; extension threshold = 3.15). These parameters were found optimal in the following test: we required a set of known non-globular domains to be found (myosin, kinesin, tropomyosin, proteoglycan core protein, histone H1, antifreeze protein A, collagen) while detecting as few segments as possible in Scop, assuming PDB to be essentially void of non-globular domains. Pfam families in which more than 5% of the members contained such nonglobular segments were annotated as non-globular. In a few cases we noticed that this method assigned transmembrane regions with low compositional complexity as non-globular; these conflicts were resolved manually.
To estimate the 'real' number of members in Scop families we counted the number of significantly (E-value < 1/database size) matching sequences in SWISSPROT 35 + TREMBL 5 (Bairoch and Apweiler, 1996) found by FASTA (Pearson and Lipman, 1988) . This is the sequence database used for Pfam 3.3; it was also used for Figure 5 and is referred to in the text as SW+TREMBL. Three complete genomes from, Saccharomyces cerevisiae (Clayton et al., 1997) , Escherichia coli (Blattner et al., 1997) and Methanococcus jannaschii (Bult et al., 1996) were downloaded from http://www.sanger.ac.uk/Projects/C_elegans/ Science98/protein_sets/ (sc and ec), http://www.ncbi.nlm.
nih.gov/cgi-bin/Entrez/ (mj) and matched to Pfam 3.3 HMMs using the method described above for Scop. We also exploited the possibility to use the subset of Pfam that contains all families with a known structure, Pfam-3D, for fold recognition. A query sequence with a significant match to a Pfam-3D HMM was considered to be related to a protein of known structure. The query sequence was also matched directly to the sequence of all proteins of known structure using FASTA and a cutoff that would give one false match for each genome. The union of all query sequences matching either Pfam-3D or a sequence from Scop was considered to be related to a protein of known structure.
Results and discussion

Overall correspondence between Scop and Pfam families
Pfam preferentially contains protein families with many members. A tradeoff for the manually verified quality of Pfam families is that it is not a fully comprehensive collection. The 1407 families in Pfam 3.3 match domains in about half of the proteins in SW+TREMBL. For our analysis, the availability of high-quality HMMs is more important than absolute comprehensiveness. Scop provides a de-facto standard for structural protein domain definitions; unlike other similar databases it is based on manual definitions of domain boundaries and structural and evolutionary relationships.
It is important to note that both Scop and Pfam were constructed using manual judgement to infer domain boundaries and evolutionary relationships between domain families. We therefore believe that the differences between the two databases are representative of the differences between structure and sequence approaches in general, and that idiosyncrasies have had relatively little effect on the results.4
Slightly more than half of the Pfam families correspond to a Scop entry, see Figure 1 and Table 1 . The half that does not match Scop consists of families for which either no structure is known, or for which the sequence similarity to a protein of known fold is undetectable. The reciprocal correspondence of Scop to Pfam can be calculated at various clustering levels in Scop. We found this figure to range from 70% at the family level to 76% on the fold level. Pfam families that match Scop Fig. 5 . The fraction of proteins in SWISSPROT and in three complete genomes that matches Pfam 3.3 and that can be assigned a fold. Within each dataset the leftmost filled bar shows the fraction of proteins that matches a Pfam 3.3 family HMM. The next three bars sho w the fraction that can be assigned a fold using FASTA searching against Scop, HMM-searching against Pfam-3D, and the union of these two metho ds.
(57% of all Pfam families) are biased towards large families, since these contain 69% of the sequences in Pfam. This bias may be caused by a greater interest in research on proteins of known structure as well as a greater incentive to solve the structure of large protein families.
Scop domains are on average 20% shorter than Pfam 3.3 domains
In both Scop and Pfam, the main reason for dividing a protein chain into several domains is that other proteins are similar over only a portion of the chain. The domains in both databases are thus normally independent and complete folding units, and the definitions should agree in most cases. The main difference is that they are based on structural information in Scop and on sequence similarity alone in Pfam. To quantify the difference between domain definitions in the two databases, we plotted the average length of corresponding Scop and Pfam families against each other, as shown in Figure 2 . On average, the domain lengths in Scop are 80% of the corresponding Pfam 3.3 domains; the correlation coefficient was 0.45. We suspect that Scop domains are shorter than Pfam domains for two main reasons: (1) that only a fragment of the chain was used to determine the structure, and (2) structural similarity indicated a domain boundary that was not detectable in the sequences, thus leading to domain splitting only in Scop. Figure 3 shows that Scop splits Pfam domains four times more often than Pfam splits Scop domains. There can be several reasons that one or more sequences in the same Scop family are not detected by the Pfam HMM.
(1) The protein missed is not closely related to all the other members of the family, i.e. according to Scop the proteins belong to the same family but the sequence identitity is too low for automatic methods to detect this. (2) The Pfam HMM is defined over a smaller region in Pfam than in Scop. (3) Errors in Scop or in Pfam. By studying a few of these cases it seems as if (1) is the most common explanation to why a sequence is missed. 
A list of the largest protein families without a known structure
One of the goals with this study was to produce a list of large protein families for which no fold has been assigned. This list should be of interest for the ongoing projects to determine the structure of all new folds. The largest of these families are shown in Table 2 . The complete list can be obtained from http://www.biokemi.su.se/∼arne/pfam-scop/Scop-pfam.nomatch. For many of the largest families it may have been Table 3 . Continued difficult to obtain a structure because they are localized in the membrane, such as 7tm_1, or have a non-globular fold, such as filament. Out of the five largest families there are four transmembrane families and one non-globular family. Table 2 could be used by structural biologists involved in structural genomics projects to indicate which large families still need to have their structure solved. As high-quality multiple sequence alignments of these families are already pro- Table 3 . Continued vided through Pfam, these proteins should be ideal targets for protein structure prediction attempts.
The level of heterogeneity in Scop and Pfam families
The definition of a protein family is sometimes rather arbitrary. It may therefore be interesting to examine what families in the two databases are equivalent and which differ. Families in Scop and in Pfam are defined manually with different objectives; in Scop a family is created based on one of two criteria, either having more than 30% sequence identity or a 'lower sequence identity but whose functions and structures are very similar , while families in Pfam are defined with a focus on creating good multiple sequence alignments and HMMs.
Most of the families in Pfam and Scop are equivalent to each other: in the 802 Pfam families that match a Scop family, 712 (89%) match only one Scop family. Conversely, of the 642 Scop families that match a Pfam family, 580 (90%) match only one Pfam family. This shows that in most cases there are no differences between the family definitions in Pfam and in Scop.
There are 90 occurences when multiple Scop families match one Pfam family, some of these are listed in Table 3 . This is due to two reasons (Figure 3) . (1) Figure 3 . For instance, hsp70 and actin are in the same Scop family while they are separate families in Pfam. The reason for this is that hsp70 and actin are very difficult to align on a sequence basis, while after structural superposition they can be showed to have common ancestry (Flaherty et al., 1991) . In the 18 remaining cases, Pfam had split the family up into subdomains, presumably because it was not possible to produce a good multiple alignment of all members over the entire length. We noticed that a few of these cases are caused by errors in Scop 1.39. For instance, the unrelated domains dihydrofolate reductase and thymidylate synthase were present on the same Scop sequence.
We further examined the size distribution of the families, in three categories: families uniquely present in Scop, uniquely in Pfam, and families found in both databases (see Figure 4) . This shows that the families only present in Scop are predominantly small, while the families uniquely in Pfam are predominantly large. The largest Scop family outside Pfam was the 'DNA-binding domain of HIV-1 integrase', and only 6 Scop families with more than 50 sw-34 entries were missing from Pfam 3.3. However, there are several Scop families missing from Pfam 3.3 that are larger than the smallest Pfam 3.3 families. The largest of these families will be included in the release of Pfam 4.0.
Complete genomes matched to structure and sequence families
A number of genomes have recently been completely sequenced. In this study we have compared what fraction of these genomes can be matched to a Pfam 3.3 family and to Table 4 . Scop families with members that match more than one Pfam family a protein of known structure, see Figure 5 . Pfam 3.3 matches 57% of the proteins in SW+TREMBL, while 37% of the proteins in Saccharomyces cerevisiae, 43% of the proteins in Escherichia coli, and 28% in Methanococcus jannaschii match Pfam 3.3. All assignments are available from http://www.biokemi.su.se/∼arne/pfam-scop/ pfam_scop_foldassignments.{swtrembl,ec,sc,mj}.gz. As expected, the figures for the complete genomes are lower than for SW+TREMBL, since Pfam 3.3 is biased towards the largest families in SW+TREMBL.
To determine the proportion of the proteins in these genomes that can be assigned a fold, we used three different methods (see Materials and methods). First, a FASTA search against Scop sequences was carried out for each protein sequence. Second, the sequences were compared to the HMMs of 'Pfam-3D', the Pfam 3.3 families that significantly match Table 4 . Continued a protein of known structure. Third, if either of the two previous methods matched a sequence to a known structure, it was counted as 'structure known', i.e. the union of the two previous methods.
As seen in Figure 5 , 31% of SW+TREMBL matched a sequence of known 3D structure in PDB, and 39% matched Pfam-3D. The two methods combined could however assign 42% of SW+TREMBL to a known structure. Applied to proteins from completely sequenced genomes, the methods combined could assign a structure to 22% of the proteins in S. cerevisiae and 24% in E. coli, and to 16% in M. jannaschii. These fold assignment rates are 25% higher than has been reported in another study using FASTA only (Frishman and Mewes, 1997) . Relative to using the methods individually, combining the methods increased the fold assignment rate by 25-45% for the three genomes in this study compared to using only FASTA, and by 10-25% compared to only using Pfam. Since we used both FASTA and Pfam 3.3 HMM searching with conservative cutoffs, we do not believe that in combining the two methods we increased the amount of noise. Rather, the increase in fold assignment is due to combining the higher sensitivity of the Pfam 3.3 HMMs with the broader coverage of small families in Scop. 
Conclusions
In summary, the majority of the protein families present in both Scop and Pfam correspond well to each other. Given the differences in goals, underlying data, and methodological approach between Pfam and Scop, we were surprised how similar the family definitions are. In the cases where families of the two databases correspond poorly, this is usually due to the different goals of the databases, but sometimes to more or less arbitrary differences in the family definitions. We have exploited the comparsion results to provide a list of the largest proteins families with unknown structure. By using Pfam-3D in combination with Scop, the fraction of proteins for which a fold can be assigned was increased significantly. For proteins in complete genomes, this fraction was markedly lower in Methanococcus jannaschii than in Saccharomyces cerevisiae and Escherichia coli.
